Binary and ternary nanocomposites based on TiO 2 , SiO 2 and ZnO were synthesized by PVA-based template-free gel combustion method. The morphology and the particles sizes of the synthesized samples depended on some parameters including the initial concentrations of metal salts and PVA amount in the sol, solvent composition and solution pH. Effects of these parameters were investigated and optimized by using the Taguchi method. In the experimental design, the Taguchi L 25 array was used to investigate six factors at five levels. The samples were characterized by dynamic light scattering (DLS), transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET) specific surface areas, scanning electron microscopy (SEM). The obtained results showed that the present method can be used to synthesize TiO 2 /SiO 2 /ZnO ternary nanocomposite with an effective surface area of 0.3 m 2 · g −1 and ZnO/TiO 2 , TiO 2 /SiO 2 , ZnO/SiO 2 binary nanocomposites with an effective surface area of 234 m 2 · g −1 , 6 m 2 · g −1 and 0.5 m 2 · g −1 , respectively. The ZnO/TiO 2 nanocomposite which was synthesized under the following experimental conditions: 2.5 wt.% Zn salt, 2.5 wt.% Ti salt, 2.0 wt.% PVA, pH = 1 and ethanol:water ratio 30:70 was selected by the Taguchi method as an optimum sample with the smallest particles (average diameter = 50 nm).
Introduction

In the last 20 years, the development of nanomaterials has primarily focused on singlecomponent materials [1] [2] [3] . Since 2009, much attention has been paid to improve the properties of nanomaterials such as chemical reactivity, optical, electrical and magnetic properties which led to synthesize the nanocomposites with two or more components [4] [5] [6] . Among these systems, inorganic hetro-nanoparticles have become popular because, their quantum yields and photoluminescence tend to increase according to the quantum confinement effect [7] therefore, making them applicable for use in solar cells and photocatalyst systems [8, 9] . In recent years, there have been a great interest in metal oxide nanoparticles because of their special * E-mail: karami_h@yahoo.com electronic and chemical properties. Some of metal oxide nanoparticles such as TiO 2 , Al 2 O 3 , ZnO, SiO 2 and CuO possess photocatalytic, electrical conductivity and UV absorption properties. Nowadays, intensive studies on metal oxide nanoparticles have been focusing on three special properties antimicrobial, UV blocking and selfdecontamination for civilian health products and military protection gears [10] . As a promising compound, titania (TiO 2 ) has been widely used in the photocatalytic degradation of organic pollutants of water and air [11] [12] [13] . Pure TiO 2 has energy gap of 3.2 eV, thus, UV light is necessary to excite electrons on the TiO 2 surface. To activate the photocatalyst with higher efficiency and longer wavelength, a number of techniques have been introduced. One strategy is to prepare TiO 2 /metal oxide nanocomposites such as SiO 2 /TiO 2 [14] , CdS/TiO 2 [15] , ZnO/TiO 2 [16] and SnO 2 /TiO 2 [17] . Lifetime of photo-induced charge carries is a main factor for improving photocatalytic activity. As for ZnO-TiO 2 [18] , the electron transfers from the conduction band of ZnO to that of TiO 2 under illumination, and conversely, the holes transfer from the valence band of TiO 2 to that of ZnO. Thus, the lifetime of photoinduced pairs increases since their recombination rate decreases. In order to extend the range of excitation energies of TiO 2 into the visible region, materials of the narrow band gap, such as ZnO, have been coupled with TiO 2 [19] [20] [21] [22] . Since 2004, much attention has been paid to the synthesis of nanosilica because of its easy preparation and wide industrial applications, such as catalysis, pigments, pharmacy, electronic and thin film substrates, electronic and thermal insulators, and humidity sensors [23] . The silica particles play a different role in each of the above applications. The quality of these products is highly dependent on the size and size distribution of the particles [24] . Stöber et al. [25] reported in 1968 a pioneering method for the synthesis of spherical and monodisperse silica nanoparticles from aqueous alcohol solutions of silicon alkoxides in the presence of ammonia as a catalyst, and different sizes of silica nanoparticles ranging from 50 nm to 1 µm with a narrow size distribution were prepared. The sol-gel approach is one of the most important methods for the preparing of high quality nano-SiO 2 powders [26] . The sol-gel techniques are the most effective and popular for the preparation of metal oxide and metal/organic nanocomposites [27] [28] [29] [30] [31] [32] [33] [34] . Karami et al. [35] introduced PVA-based sol-gel combustion method to prepare metal oxide and metal oxide nanocomposites. Nanocomposites are materials which are prepared by combining two or more pure substances with distinctly different mechanical, electrical, magnetic, optical, thermal, or chemical properties in order to create a composite material that combines the desirable properties of each other to create a multi-functional substance. Nanosized crystalline TiO 2 and SiO 2 /TiO 2 mixed oxide particles were synthesized and used as photocatalyst for the degradation of rhodamine B [36] . TiO 2/ SiO 2 composites are very promising in the field of heterogeneous photocatalysis, since they could provide simultaneously enhanced photocatalytic and thermal properties compared to pure TiO 2 photocatalyst [37] [38] [39] [40] . It has been reported that photocatalytic reactivity of TiO 2 /SiO 2 nanocomposites is highly dependent on the Ti/Si ratio [41] [42] [43] [44] . The aim of this work is to synthesize the TiO 2 /SiO 2 /ZnO binary and ternary nanocomposites by the PVA-based sol-gel combustion method which was introduced in [35] . The experimental synthesis conditions were investigated using Taguchi design.
Experimental
Material
The used chemicals included titanyl sulfate (TS), zinc chloride (ZC), sodium metasilicate (SMS), polyvinyl alcohol (PVA) and absolute ethanol (Et) with reagent grade, which were purchased from Merck and were used without additional purification. Double-distilled water (W) was used in all the experiments.
Instrumental
A scanning electron microscope with EDX detector from Philips Co. (XL30) was used for studying of morphology, particle size, and performing surface analysis of the prepared nanocomposite powders. X-ray diffraction (XRD) studies were carried out using a Decker D8 instrument. A JEOL-200 CX transmission electron microscope was used to obtain micrographs. Size distribution diagrams of the samples were obtained by DLS (Malvern Instruments Ltd., Zetasizer Ver. 6.32). The specific surface area was calculated from measurements of N 2 adsorption/desorption using Nova 2000 series Chromatech apparatus at 77 K.
Procedures
Design of experiments
To optimize experimental parameters for synthesizing TiO 2 /SiO 2 /ZnO nanocomposites, a Taguchi experimental design approach was applied. To design the experiments, the following steps were used: Taguchi method was applied with the objective of achieving nanocomposite with minimum particle size and the biggest length/diameter ratio, thus a function of particle diameter and length/diameter ratio was considered as the response (Z score). The six parameters identified as processing factors affecting the particle size included titanium salt, zinc salt, silicon salt, PVA, pH, and solvent composition. The synthesis parameters (X) were analyzed in five selected levels. The factors and selected levels are shown in Table 1 . To analyze the significance of each factor, an L 25 orthogonal array was chosen with five logical levels for each parameter ( Table 2 ).
In the experiments, the factors and levels were used to design an L 25 orthogonal array (Table 3) . Minitab software (version 16) was used for the statistical calculations.
Synthesis procedure
In this procedure, the amount of variables was used according to Taguchi design. The specified amounts of three initial salts and PVA were dissolved in an ethanol/water mixed solvent with different ratios and at different pHs. The mixture was heated up to 70°C to from a homogeneous and transparent sol then, the sol was heated up to 100°C to evaporate the solvent and form a hard homogenous gel. The black gel was pyrolyzed in electrical furnace at 700°C for 4 hours.
During the pyrolysis, the outer surface of PVA polymeric network was slowly burnt and the salts content was calcined and converted into composite nanoparticles. The obtained samples were crushed to prepare a fine powder. The morphology, particles sizes, and the chemical composition of the samples were analyzed by the SEM, TEM, BET and DLS.
In this procedure, there are some parameters, such as zinc, titanium and silicon salts, PVA, solvent composition, and solution pH, which can effect the morphology and particles size of the final powder. The effects of all parameters were studied by Taguchi method.
Results and discussion
In the PVA-based sol-gel combustion method, PVA linear chains are connected to each other to form three-dimensional polymeric network during the process of converting the sol to gel. The formed network is rigid and contains a large number of regular cavities. If zinc, silicon and titanium salts are present in the sol, these salts are homogeneously distributed in regular gel cavities. In each gel cavity, only a limited number of salt molecules can be present. The location of the dispersed molecules in the gel network is fixed and the dispersed molecules in the gel network cannot alter their positions [35] . In the pyrolysis of the gel, the outer layers of the gel first burn and the salts inside the cavities of the outer layers of the gel are released, clacined and converted into nanocomposite particles. The morphology of the formed nanocomposite particles depends on the shape of gel cavities as well as pyrolysis rate and temperature. The size of final particles depends on the size of cavities in gel as well as other pyrolysis parameters. The rigidity of the gel network prevents mixing of salt inside a cavity with those of the other cavity.
Taguchi optimization methodology
In this method, the amounts of three salts (TS, ZC and SMS), PVA, the composition of solvent, and pH can affect the morphology and the particles size of the final nanocomposite. Therefore, the amounts of these parameters were optimized by the Taguchi method. Based on this experimental design, 25 samples were synthesized to identify the effect of the mentioned variables on the composition, morphology and particles size of the nanocomposite samples. Table 3 shows the experimental conditions of the synthesized samples in the optimized set. Each experiment was conducted two times. The average diameter and length of the sample particles were measured and Z score (Z = D + 3D/L) was defined as a function of diameter D and length L of particles based on SEM images. The SEM images of 25 samples were classified into 5 groups based on TS level ( Fig. 1 to Fig. 5 ).
All samples in Fig. 1 are binary ZnO/SiO 2 nanocomposites with ZC/SMS ratio 1. They were synthesized in the absence of TS and at different values of PVA and pH. Fig. 1 shows that all the samples include nanoparticles in semi-rod shape but sample 4 includes rectangular nanosheets of binary ZnO/SiO 2 nanocomposite. It is expected that sample 4 has high surface area. Therefore, it was selected for further characterizations. to sample 25 were synthesized at TS level 5 (Fig. 5 ). Based on SEM images in Fig. 4 and Fig. 5 , the morphologies of sample 17 and sample 24 are similar because, according to Table 3 , sample 17 and sample 24 were synthesized at the same pH (pH = 0). Based on the SEM images of 25 samples in Fig. 1 to Fig. 5 , any change in each of the selected factors (the amount of salts, amount of PVA, pH and solvent composition) can change the morphology and the particle size of the samples. Based on Fig. 1 to Fig. 5 (SEM images of sample 2 to sample 25), the followings conclusions can be drawn:
1. The presence of zinc chloride (ZC) in the initial sol results in forming nanorod composite.
2. The presence of sodium metasilicate (SMS) at level 4 and level 5 in the initial sol makes amorphous nanocomposites.
3. pH has a significant effect on the morphology and the particle size of nanocomposites.
4. The presence of titanyl sulfate (TS) in the samples causes a decrease in nanorods in the final nanocomposites. Sample 17, as a selected ternary nanocomposite was analyzed by XRD (Fig. 6 ). The presented XRD patterns confirm the presence of zinc, titanium and silicon oxides in the synthesized nanocomposite. Debye-Scherrer equation 1 was applied for the biggest diffraction peak of the sample to calculate the crystallite size [45] :
where λ is the wavelength of X-ray (0.154056 nm), β is the full width of the peak at half maximum height and θ is the angle of radiation. The average size of nanocomposite particles was calculated about 82 nm. To select the optimum sample based on Z score, the concept of "the small is the better" was used. In this manner, S:N ratio for each sample was calculated using equation 2 [4] :
where y i is the characteristic property (Z score) and n is the number of replication. Fig. 7 shows the results of S:N analysis of all samples. The higher S:N ratio shows the positive effect of each factor on the decreasing of Z score. Therefore, the optimum level of each factor can be achieved at the biggest S:N. It should be mentioned that all amounts of S:N are negative. Therefore, -50.38 is the biggest S:N ratio. In Fig. 7 , the difference between the maximum and minimum values of each factor can be related to their effect on S:N ratio. The summary results of S:N calculations are presented in Table 4 . Based on the data presented in Table 4 and Fig. 7 , the optimum conditions to obtain the smallest particles are as follows: Ti and Zn salts 2.5 g (level 3), Si salt 0 g (level 1), PVA 2 g (level 5), pH 1 (level 2) and solvent ratio ethanol:water 30:70 (level 4). These results confirm that the particle size in the prepared nanocomposites was significantly influenced by the amount of the initial processing parameters. A confirmation run was performed under the selected optimal conditions to check the average particle size. Table 5 shows the optimum synthesis conditions and the amounts of the experimental and predicted Z scores. There is a good agreement between the predicted and experimental Z scores. Furthermore, the results of variance analysis (ANOVA) are shown in Table 6 . The relative contribution percentage P and F-values of each factor were obtained by the ANOVA method and are given in Table 6 . It can be concluded that there is a significant difference between the effects of the investigated factors. The obtained order of importance is: pH, Ti salt, Si and Zn salts, solvent composition, and PVA amount.
The three-dimensional response surface plots were used to explain the interactions between variables and to find the optimum level of each variable for the synthesis of a nanocomposite with the smallest particles. For the 15 possible twovariables combination interaction (X 1 X 2 , X 1 X 3 , X 1 X 4 , X 1 X 5 , X 1 X 6 , X 2 X 3 , X 2 X 4 , X 2 X 5 , X 2 X 6 , X 3 X 4 , X 3 X 5 , X 3 X 6 , X 4 X 5 , X 4 X 6 and X 5 X 6 ), 15 response surface plots were drawn and shown in Fig. 8 (X 1 , X 2 , X 3 , X 4 , X 5 and X 6 were introduced in Table 3 ). Fig. 8a to Fig. 8e show the interactive effects of TS amount (X 1 ) and other synthesis factors (X 2 , X 3 , X 4 , X 5 and X 6 ) on the response (Z score ). These plots show that the TS level 3 (2.5 wt.%) is the best to synthesize the smallest particles. The variations in the amounts of other factors cannot change the optimum amount of TS level. Fig. 8f to Fig. 8h are the plots of interactive combinations of ZC level (X3) with solvent composition (X 6 ), pH level (X 5 ) and PVA level (X 4 ). The optimum of ZC is level 3 (2.5 wt.%) in combination with other factors. Fig. 8i to Fig. 8l show that the presence of SMS in the initial sol causes an increase in the average particles size. Therefore, in the absence of SMS (SMS level 1), a binary TiO 2 /ZnO nanocomposite with the smallest particles can be synthesized. To synthesize the ternary TiO 2 /SiO 2 /ZnO nanocomposite with the smallest particles, the level of SMS should be kept at level 2 (1.25 wt.%). Fig. 8m and Fig. 8n are the plots for the interaction effects of PVA with solvent and pH. Based on Fig. 8m and Fig. 8n , the optimum amount of PVA in all combinations is 2 wt.% (level 5). Fig. 8o shows that the optimum levels of solvent composition and pH are 4 (30 % Et + 70 % W) and 2 (pH = 1), respectively. Based on the presented data in Fig. 8, experiment 11 and experiment 17 in Table 3 can be used as optimum conditions to synthesize binary TiO 2 /ZnO nanocomposite and ternary TiO 2 /SiO 2 /ZnO nanocomposite with the smallest particles sizes, respectively.
Based on the Langmuir surface area calculation, it was found that the sample has a biggest specific surface area of 233.5 m 2 · g −1 .
Sample 11, as optimum binary TiO 2 /ZnO nanocomposite was analyzed by SEM, DLS, TEM and BET (Fig. 9 ). Fig. 9a (SEM image) shows the crystallinity of the sample. Fig. 9b shows TEM micrograph of the sample with 50 nm average 434 ELHAM FAKOORI et al. diameter of the crystalline nanoparticles. Fig. 9c shows the size distribution of the sample in the range of 80 nm to 150 nm with average diameter of 99 nm. Fig. 9d shows the adsorption/desorption curves of N 2 gas for the binary nanocomposite. It should be noted that the particles sizes of the sample obtained by DLS (using Malvern size analyzer) are bigger than those obtained by TEM. This is due to the calculation method of DLS which determines the particle size based on the laser scattering by the particles. The accuracy of measurement results may be affected by the conditions of sample dispersion in the used solvent. In contrast, the TEM results represent a direct observation of particle size and distribution within a local region. Thus, the TEM results tend to be smaller than those of the Malvern analyzer. However, the measurement results of the Malvern analyzer represent a larger sampling volume of nanocomposite suspension than that one of TEM measurement, and they can be used for evaluation. In general, it is suggested to include both types of the analysis for more accurate data interpretation. The obtained results show that the present method can be used to synthesize TiO 2 /SiO 2 /ZnO ternary nanocomposite with an effective surface area of 0.3 m 2 ·g −1 and binary nanocomposites ZnO/TiO 2, TiO 2 /SiO 2 , ZnO/SiO 2 with an effective surface area of 234 m 2 ·g −1 , 6 m 2 · g −1 and 0.5 m 2 · g −1 , respectively. In addition, the adsorption-desorption analysis indicates that TiO 2 /ZnO nanocomposite has a maximum surface area compared with other nanocomposites.
Conclusions
It is concluded that the presented method is a new selective and template-free approach based on PVA gel pyrolysis for the synthesis of binary and ternary nanocomposites based on TiO 2 , SiO 2 and ZnO. Taguchi experimental design can be successfully used to optimize the synthesis conditions of metal oxide nanocomposites with a simple experimental set. The obtained results showed that any variation in synthesis conditions results in a considerable change in the morphology and particle size of the nanocomposite sample. The presence of two metal salts in the initial composition enables obtaining a binary nanocomposite of the following metal oxides (ZnO/TiO 2 , ZnO/SiO 2 or TiO 2 /SiO 2 ) and also, the presence of three metal salts in the synthesis sol enables obtaining a ternary nanocomposite of the corresponding metal oxides (TiO 2 /ZnO/SiO 2 ). The presence of zinc chloride in the synthesis sol results in forming rod shaped nanoparticles.
